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Abstract

Here, I characterize a symbiotic mutant of Lotus japonicus, called sunergos1
(suner1), which originated from a har1-1 suppressor screen. I have shown that suner1
supports epidermal infection by rhizobia and initiates nodule primordia organogenesis as
in wild type. However, the infection process is temporarily stalled, such that infection
threads fail to ramify within the root cortex and timely release of bacteria inside the
nodule primordia cells does not occur. This symbiotic defect is ephemeral and with
additional time, functional nodules are formed. Using a combined approach involving
map-based cloning and next-generation sequencing, I have shown that the suner1
phenotype is determined by a recessive mutant allele, with the corresponding wild-type
SUNER1 locus encoding a predicted subunit A of a DNA topoisomerase VI. The data
obtained suggest that the SUNER1 topoisomerase VI mediates endoreduplication of
nodule primordia cells and that this is essential for normal differentiation of functional,
nitrogen-fixing nodules.
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Chapter 1 : Introduction
1.1

Nitrogen
Nitrogen is one of the three primary micronutrients that are frequently supplied in

crop fertilization programs to boost productivity. Like carbon, hydrogen, and oxygen,
which are accessible to plants from the air and water, the vast majority of nitrogen is
present in the earth’s atmosphere. Paradoxically, however, this nitrogen remains
unavailable to plants and the majority of other organisms due to its biologically inert, dinitrogen (N2) form.
The discovery in 1908 by German chemist Frits Haber of how to convert
atmospheric N2 to ammonia and subsequent industrialization of this process by Carl
Bosch, transformed the world by significantly increasing food production. It is estimated
that approximately half of the current human population owe their lives to industrially
fixed N2 (Erisman et al., 2008).

However, it has also become clear that curbing

unintended consequences associated with the environmental enrichment in Haber-Bosh
nitrogen constitutes one of the central challenges for the twenty-first century (Townsend
and Howarth, 2010). A more sustainable path for agriculture is needed to break our
current addiction to reactive nitrogen and avert its harmful effects on the planet.

1.2

Biological nitrogen fixation
Long before the Haber-Bosch process was introduced, certain prokaryotic

organisms arrived at one of the key innovations in the evolution of life by “learning” how
to enzymatically reduce atmospheric N2 to ammonia. This so called biological nitrogen
fixation (as opposed to the industrial nitrogen fixation by the Haber-Bosch process) is
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thought to have evolved early during the evolution of microbial life on earth (NavarroGonzalez et al., 2001). It is mediated by a bacterially-encoded enzymatic complex called
nitrogenase, which performs one of the most metabolically expensive reactions, utilizing
16 molecules of ATP to fix just one molecule of N2 (Raymond et al., 2004). Along with
the lightning strikes and volcanic eruptions, the natural nitrogen cycle reflects, to a large
extent, a balance between the biological nitrogen fixation and denitrification, with the
latter returning the reactive nitrogen back to its inert N2 form (Townsend and Howarth,
2010).
Eukaryotic organisms are incapable of performing biological nitrogen fixation
and must obtain the necessary nitrogen indirectly through assimilation or consumption.
The metabolic need for nitrogen has been considered as the main driving force behind
mutualistic interactions of a variety of “nitrogen-starved” organisms, such as protists,
fungi, plants and animals, with prokaryotic nitrogen-fixers (Kneip et al., 2007). These
symbioses are mostly facultative but gradation in the interdependence between symbiotic
partners has been noticed, with the diatom-cyanobacteria showing attributes of obligate
interactions (Prechtl et al., 2004). Thus, in addition to its “nutritional” significance,
symbiotic nitrogen fixation has emerged as an interesting paradigm for studying a
transition from endosymbiosis to an organelle, a process that has been considered as
fundamental for the evolution of life forms, including the origin of the eukaryotic cell
(Sagan, 1967).

1.3

Legumes
Since its discovery by Hellriegel and Wilfarth in 1888 (“Legume’s root nodules

stand in a causal relation to the assimilation of free elemental nitrogen from the air in the
2

process requiring symbiotic interaction with living microorganisms in the soil”) nitrogenfixing symbiosis (NFS) has been of great scientific interest. In contrast to most plants,
legumes (family Leguminosae) can sustain growth in the absence of anthropogenic
nitrogen, a phenomenon that was recognized already in ancient Egyptian times.
Extant crop legumes, such as the Phaseolus vulgaris (common bean), Glycine
max (soybean), Medicago sativa (alfalfa), Pisum sativum (pea) and Arachis hypogaea
(peanut) are cultivated on 12 to 15% of global arable lands, making up 27% of the
world’s crop production (Graham and Vance, 2003; Kinkema et al., 2006). They are a
significant source of food and feed due to their excellent nutritional qualities, including
the content and composition of proteins, vitamins, minerals and fiber. This is particularly
important in poor regions of the world, where legume-based diets constitute the major
source of protein and calorie intake (Iqbal et al., 2006). In addition to their dietary roles,
legumes are also an important source of valuable pharmaceuticals. For example, due to
the high fiber and iso-flavonoid content, legume-derived products are being considered as
preventive of many serious medical conditions, including various cancers, diabetes, heart
disease, and obesity (Morris, 2003). Legumes also have a vital function as natural green
fertilizers due to their high nitrogen content (Szczyglowski and Stougaard, 2008).
Legumes excel in at least some of these areas thanks to their ability to form
endosymbiotic relationships with nitrogen fixing soil bacteria, commonly known as
rhizobia. The ability to engage in intimate, intracellular relationships with nitrogenfixing bacteria is, however, uncommon among flowering plants. Members of only ten out
of approximately 380 angiosperm families can accommodate the bacteria within their

3

cells and the vast majority of these plants belong to a single family of Leguminosae
(Doyle, 2011).
Uncovering what makes legumes so special in having the propensity for nodular
NFS constitutes the subject of highly contested research. Can the principle of this
predisposition be understood and then used to extend the NFS to non-legume crops? This
could significantly improve agricultural productivity in nitrogen-deficient, poor regions
of the world and curtail the use of anthropogenic nitrogen in already developed or rapidly
developing regions (Charpentier and Oldroyd, 2010).

1.4

Nutrient-acquiring root endosymbioses: paradigms for
sustainable agriculture
Endosymbiosis is the relationship in which a member of one species lives not just

near or even permanently on a member of another species, but inside it, and nitrogenfixing symbiosis of legumes and Rhizobium exemplifies this type of relationship.
However, the most common endosymbiosis, arbuscular mycorrhizal symbiosis (AM),
occurs between plant roots and soil fungi of the phylum Glomeromycota (Parniske,
2008). The AM is presumed to occur in approximately 80% of extant plant species
(Parniske, 2005), likely reflecting its ancient origin, circa 460 million years ago (Simon
et al., 1993). This was a geological period where simple plants began to colonize land
and some authors suggest that they would have never been able to do so without the
assistance of endosymbiotic fungi (Pirozynski and Malloch, 1975).
The AM fungus penetrates the compatible host plant’s root system and creates
intracellular structures known as arbuscules, which represent highly branched fungal
hyphae (Bonfante and Genre, 2010). The arbuscules are thought to be the main site of
4

nutrient exchange between the fungus and the host plant (Yang and Paszkowski, 2011).
The fungus also develops an extensive network of extraradical hyphae, which
dramatically increases the surface area available to capture nutrients from the soil
(Kistner et al., 2005).
The extant AM fungi promote the acquisition and transfer of phosphate and other
minerals, including nitrogen from soil (Govindarajulu et al., 2005; Yang and Paszkowski,
2011). As obligate symbionts entering into a mutualistic relationship, the fungi supply the
host plant with these essential minerals and, in return, take advantage of the available
photosynthates (Cox and Tinker, 1976). It has been estimated that approximately 4 to
20% more photoassimilates are directed to mycorrhized roots, accounting for roughly
five billion tons worldwide of carbon flow annually (Bago et al., 2000).
Unlike AM, the nitrogen-fixing endosymbiosis of plants and bacteria is dedicated
to capturing atmospheric nitrogen. NFS is not ubiquitous, as it is restricted to legumes
and actinorhizal plant species which belong to a single large clade, referred to as N2fixing clade (Soltis et al., 1995; Doyle, 2011).
The host plant forms root-derived organs called nodules, which serve to
accommodate rhizobia within a micro-anaerobic environment that protects the oxygensensitive nitrogenase enzyme (Brewin, 1991). In most cases, rhizobia invade root hairs
and subsequently the root cortex by plant-derived plasma membrane conduits, called

5

Figure 1.1 Signaling for nitrogen-fixing root nodule symbiosis.

Rhizobial signaling stimulates the root response pathway in the compatible host which
supports colonization by bacteria and nodule formation. The “epidermal program”
controls the rhizobial entry via root hair infection thread formation (IT and green color in
the “Bacterial entry” image), which is followed by the colonization of subtending cortical
cells, which divide to form nodule primordium, by the symbiotic bacteria. The nodule
primordium develops as a result of signaling to the root cortex (i.e. “cortical program”).
Both programs are required to form a functional, nitrogen (N2)-fixing nodule.

6

infection threads (ITs; Brewin, 2004; Fournier et al., 2008) (Figure 1.1). This is
accompanied by the formation of subtending nodule primordia (NP) within the root
cortex (Figure 1.1). Growing ITs reach these regions and bacteria are released inside the
NP cells. Final differentiation of both symbiotic partners, which includes the
endoreduplication-dependent growth of infected cells (Vinardell et al., 2003; GonzalezSama et al., 2006; Kereszt et al., 2011), culminates in the development of fully functional
nodules (Oldroyd and Downie, 2008; Madsen et al., 2010). Residing within intracellular
compartments called symbiosomes; bacteria fix atmospheric nitrogen into ammonia
which is then utilized by the host plant in support of its growth and development. In
exchange, the host plant provides rhizobia with photosynthates, which support bacterial
respiration that produces energy that is required to reduce N2 to ammonia (Freiberg et al.,
1997).
Both AM and NFS represent important adaptations that support the host plant
nutrition and help it to tolerate various biotic and abiotic pressures, such as pathogen
attack or drought. Although seemingly dissimilar (unlike rhizobia, AM fungi do not
incite any significant morphological changes to roots, nor induce new organ formation),
the underlying plant machinery which governs the accommodation of both
microsymbionts within the root tissue has been shown to be at least partially identical
(see below), suggesting a much closer relation than had been hypothesized based on
morphology. This also shows that although NFS is restricted to a select group of plants,
at least part of the mechanism that is required already operates in the majority of plant
species, including important cereal crops (Charpentier and Oldroyd, 2010). This gives an
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important impetus for continuation of research, as further insight into the underlying
mechanisms might open the way to engineering NFS in non-legumes.

1.5

The symbiosis pathway
A sophisticated, molecular dialogue occurs between the compatible host plant and

its respective symbiotic partner (Figure 1.2). The perception of structurally similar
mycorrhiza (MycF) and nodulation (NF) factors, both belonging to the class of lipochitinoligosaccharide signaling molecules, initiate the interaction with the host plant (Lerouge
et al., 1990; Maillet et al., 2011). An ancient signaling pathway, termed the common
symbiosis pathway, mediates the primary root response to these signaling molecules.
This leads to one of the earliest cellular reactions in the host plant cells, termed Ca2+
spiking (Wais et al., 2000; Walker et al., 2000; Sieberer et al., 2012).
At least eight genes comprise the common symbiosis pathway in Lotus japonicus
(Kistner et al., 2005; Groth et al., 2010); six of these genes, namely Symbiotic Receptor
Kinase (SYMRK; Stracke et al., 2002; Kosuta et al., 2011), two ion-channel encoding
genes CASTOR and POLLUX (Ane et al., 2004; Charpentier et al., 2008) and three
nucleoporin genes NUP85, NUP133 and NENA (Kanamori et al., 2006; Saito et al., 2007;
Groth et al., 2010), are required to generate Ca2+ spiking responses (Miwa et al., 2006;
Kosuta et al., 2008; Oldroyd and Downie, 2008). The Ca2+ and calmodulin-dependent
receptor kinase (CCaMK) together with a nuclear localized coil-coil protein, CYCLOPS
(Yano et al., 2008) are thought to translate these early cellular responses (Levy et al.,
2004; Mitra et al., 2004; Gleason et al., 2006; Tirichine et al., 2006), which leads to
activation of the symbiont-specific effectors (Kistner et al., 2005; Hogslund et al., 2009).

8

Figure 1.2 Signaling for root endosymbiosis.

The genes characterized, so far, to be essential in the signaling pathway supporting
bacterial and/or fungal root symbioses are represented. The purple box encompasses the
common symbiotic genes. Note that signaling for root nodule symbiosis diverges into
two parallel pathways, termed the epidermal and cortical program (for more details see
text).
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How channeling of the signals through the common symbiosis pathways generate
the symbiont-specific outcomes, remains uncertain.

Nevertheless, downstream from

CCaMK, the GRAS-type transcription regulator NSP1 (Heckmann et al., 2006) and a
putative transcription regulator, NIN (Schauser et al., 1999) are activated and participate
in bacterial but not AM infection. Similarly, activation of the LHK1-dependent cytokinin
signaling, which hinges on the presence of a functional common symbiosis pathway, is
required for and sufficient to stimulate nodule structure formation but is dispensable
during AM symbiosis (Murray et al., 2007; Tirichine et al., 2007; Held and
Szczyglowski, unpublished data). Additional plant components associated with
modifications of the plant cell cytoskeleton, including NAP1, PIR1 and ARPC1, have
also been identified and are required for bacterial but not AM fungi root colonization
(Yokota et al., 2009; Hossain et al., 2012). This highlights a clear distinction between the
two symbiotic mechanisms, which otherwise share a requirement for the host plant
common symbiosis pathway (Held et al., 2010).

1.6

Genetic approach
Many of the genes that participate in the symbiosis pathway have been identified

through forward genetic screens and associated map-based cloning experiments
performed in model legumes, Lotus japonicus (Handberg and Stougaard, 1992) and
Medicago truncatula (Barker et al., 1990). This work continues and is being fortified by
increasing availability of new genomic resources, such as whole genome sequences of
Lotus and Medicago (Sato et al., 2008; Szczyglowski and Stougaard, 2008; Young et al.,
2011) and a plethora of reverse genetic tools, including the L. japonicus TILLING (Perry
et al., 2009) and LORE1 transposon insertion lines (Fukai et al., 2012).
10

As a means to expand the number of symbiotic variants isolated from the initial
large-scale mutational screens (Schauser et al., 1998; Szczyglowski et al., 1998), Murray
et al. (2006) utilized the L. japonicus har1-1 mutant line (Wopereis et al., 2000). The
presence of a deleterious mutation in the L. japonicus HAR1 locus, which encodes a
leucine-rich repeat (LRR) receptor kinase, renders the har1-1 mutant unable to restrict
nodulation. As a result, an excessive number of nodules are formed, which renders the
har1-1 a hypermorph of nodulation (Wopereis et al., 2000; Krusell et al., 2002;
Nishimura et al., 2002). Using this genetic background to perform a secondary
mutational screen, 61 lines that showed varying levels of suppression of the har1-1
hypernodulation phenotype were identified (Murray et al., 2006). Analyses of many of
these new mutant lines led to identification of several key regulatory loci, including
LHK1 (Murray et al., 2007) and ACTIN-RELATED PROTEIN COMPONENT 1 (ARPC1)
(Hossain et al., 2012). Furthermore, new alleles of previously described, symbiosisrelevant genes were characterized. Among the most significant novel observations, a
previously unrecognized mechanism of negative auto-regulation of CCaMK was
uncovered and shown to be required for symbiotic infection (Liao et al., 2012). Along
the same lines, the characterization of symrk-14 and ccamk-14 alleles highlighted
different requirements for the epidermal (root hair) and cortical (nodule primordia)
infections (Kosuta et al., 2011; Liao et al., 2012) indicating that additional work needs to
be performed to fully understand the complexity of the infection process. Hence, the goal
of this thesis work was to contribute to furthering the understanding of the symbiotic
mechanisms by characterizing a selected mutant line of L. japonicus, called suppressor 81A (sup8-1A) which showed a novel, mutant infection phenotype.
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1.7

Thesis objectives
The sup8-1A mutant line was selected from a genetic screen for suppressors of the

L. japonicus har1-1 hypernodulating phenotype (Murray et al., 2006). It was initially
characterized as having a subtle symbiotic phenotype, which was reflected in the
formation of an increased number of nodule primordia as compared with the parental
har1-1 line of the same age (Murray et al., 2006). Based on preliminary research that I
performed for my 4th year thesis project, I have hypothesized that the mutated gene in
sup8-1A must operate downstream from the initial cell divisions for nodule primordia
(NP) formation. It could be involved in a subsequent differentiation step that renders the
NP compatible with the approaching infection (i.e. infection that is initiated at the
epidermis and proceeds to colonize the subtending NP) or, alternatively, the gene could
regulate cortical infection process per se, such that effective colonization of NP by
bacteria proceeds normally. In order to differentiate between these two possibilities, the
following objectives were set:
1. To identify the mutated gene.
2. To understand its role by integrating its function into the symbiosis pathway
The detailed knowledge of mechanisms that promote nitrogen-fixing symbiosis
should contribute to a long-term effort directed toward extending this useful process to
non-legume crops.
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Chapter 2 : Materials and Methods
2.1

Plant growth conditions and mutant selection
Lotus japonicus seeds were scarified with sandpaper and then surface-sterilized

using the previously established methodology (Szczyglowski et al., 1998). Briefly, seeds
were washed in 70% (v/v) ethanol containing 0.1% (w/v) sodium dodecyl sulfate (SDS)
for 30 seconds, and, subsequently, in 20% bleach containing 0.1% SDS for 30 seconds.
The seeds were then rinsed ten times with sterile water and imbibed over night before
being placed on Petri plates containing sterilized filter papers (Fisher; Cat. No. 09-801A)
moistened with sterilized Milli-QTM water. The seeds were germinated for 7 days under
continuous light. Germinated seedlings were transplanted into pots containing sterilized
vermiculite: sand mixture (6:1) soaked with the B&D nutrient solution (Broughton and
Dilworth, 1971) containing 0.5 mM KNO3, and were grown at 21 or 28°C under
conditions as described (Murray et al. 2006). The segregating F2 mapping population
derived from a genetic cross between sup8-1A har1-1 (Gifu ecotype) x MG20_ har1-1
(MG20 ecotype), was used to select homozygous mutant individuals 14 days after
inoculation (dai) with wild-type Mesorhizobium loti strain NZP2235. The selected
individuals were re-potted and grown for 1 to 2 weeks, until leaves were of a suitable size
for DNA isolation.

2.2

Genomic DNA isolation
Genomic DNA was isolated using the cetyl-trimethylammonium bromide

(CTAB) method (Doyle and Doyle, 1987). Ten mg of leaf tissue (or 1 to 2 leaves) was
pulverized in 250 µl of 2X CTAB buffer (2% CTAB [w/v], 100 mM Tris, pH 8, 20 mM
EDTA, pH 8, 1.4 M NaCl, 1% polyvinylpyrrolidone [w/v]) and incubated at 60°C for 15
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minutes followed by centrifugation in a micro-centrifuge at 13000 rpm for 2 minutes. The
liquid phase was then transferred to a new tube and 200 µl of chloroform was added,
followed by gentle mixing and centrifugation for 2 minutes. The aqueous phase was
transferred to a new tube and 150 µl of isopropanol was added. The mixture was then
centrifuged for 10 minutes and the resulting pellet was air-dried and suspended in 250 µl
of 10 mM Tris-HCl (pH 8.0).

2.3

Polymerase Chain Reaction conditions
Polymerase Chain Reactions (PCR) were conducted in 1X GenScript Taq

polymerase buffer (50 mM KCl, 10 mM Tris HCl, 1.5 mM MgCl2, and 0.1% Triton X100 [v/v]; GenScript USA Inc.) using 5 µl aliquots of genomic DNA as templates in 0.2
ml PCR tubes. For each reaction, the final concentrations of the components were as
follows: 200 µM of each dNTPs, 0.5 µM of each forward and reverse primer, and 1 unit
of GenScript Taq polymerase. The conditions for amplification of SSR molecular
markers were as follows: denaturation at 94°C for 30 seconds, annealing at 55°C for 30
seconds, extension at 72°C for 1 minute, for a total of 50 cycles, followed by a final
extension phase of 72°C for 10 minutes.
The PCR products were separated on a 4% (w/v) agarose gel in 0.5x TBE buffer
(5x TBE stock: 54 g of Tris base, 27.5 g of boric acid, 20 ml of 0.5 M EDTA) for 1 hour
at 170 volts and then stained with ethidium bromide. The genotypes were scored based
on polymorphic size of DNA fragments and were represented as color maps.
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2.4

Map-based cloning of the suner1 locus using a forward genetics
approach.
The rough map position of the suner1 locus was initially established using 16

homozygous mutants selected from the F2 population obtained by crossing sup8-1A with
the polymorphic MG20_har1-1 introgression line (Murray et al., 2006). The same F2
population was then utilized in more extensive linkage analysis. Approximately 14,000
F2 individuals were germinated and 3264 selected sup8-1A mutants were utilized to
analyze recombination events and further delineate the flanking region. Markers used in
these analyses were typically simple sequence repeats (SSR) obtained from the publicly
available L. japonicus genome website (http://www.kazusa.or.jp/lotus/clonelist.html).
Additional mapping markers were also generated using either the RepeatMasker
(http://www.repeatmasker.org/)

or

(http://helix.wustl.edu/dcaps/dcaps.html).

dCAPS
Primers

Finder
for

these

2.0
additional

programs
markers

(2360_MspI, 2296_DdeI, 2248-4, 2311-BccI, 2311_MfeI, 2365, 2391-2) are listed in
Appendix 1.

2.5

Nuclear DNA isolation for next-generation sequencing
To obtain a high molecular weight nuclear DNA from the sup8-1A mutant,

approximately 2 g of fresh leaf tissue was pulverized in liquid nitrogen. Powder was
dissolved in 20 ml of ice-cold 1x HB homogenization buffer (10x HB stock: 0.1M
Trizma Base, 0.8 M KCl, 0.1 M EDTA, 10 mM Spermine, 10 mM Spermidine)
containing 0.5 M sucrose, 0.5% (v/v) Triton X-100 and 0.15% (v/v) β-mercaptoethanol,
by gentle swirling on ice for about 10-15 minutes. The suspension was filtered through 2
layers of Miracloth and the resulting filtrate was centrifuged in a swinging bucket rotor at

15

1800g for 15 minutes at 4°C. The nuclei containing pellet was gently washed in 1x HB
buffer without β-mercaptoethanol, which was followed by centrifugation in a swinging
bucket rotor at 1800g for 5 minutes at 4°C. The final pellet was re-suspended in 500 μl of
the preheated CTAB buffer (2% hexadecyltrimethylammonium bromide [w/v], 100 mM
Tris-HCl, pH 8.0, 20 mM EDTA, pH 8.0, and 1.4 M NaCl) for 30 minutes at 60°C with
gentle shaking at 300 rpm, extracted with 500 μl of chloroform: isoamylalcohol (24:1)
mixture and centrifuged at 8000 rpm for 10 min at 4°C. The water phase was transferred
to a new tube. 5 μl of RNase (10 mg/ml stock) was added and this was incubated at 37°C
for 30 minutes. 0.6 volume of ice-cold isopropanol was added, mixed and incubated for
at least 1 hour at -20°C. The DNA was collected by centrifugation at 6000 rpm for 6
minutes at 4°C. The resulting pellet was washed with 70% (v/v) ethanol, dried and resuspended in 55 μl of EB buffer (Qiagen; USA). The quality of the resulting nuclear
DNA was evaluated by gel electrophoresis and spectroscopy.

2.6

Isolation of the suner1 single mutant
sup8-1A was crossed with wild-type L. japonicus Gifu. The resulting F1 plant was

self-fertilized to generate an F2 segregating population from which a

homozygous

suner1

locus

single

mutant,

carrying

the

wild-type

HAR1

(i.e.

suner1suner1/HAR1HAR1genotype) was selected The presence or absence of the har1-1
allele was determined using a cleaved amplified polymorphic marker (CAPS) specific to
MvaI restriction enzyme, as previously described (Karas et al., 2005).

Briefly, the

“har1-1 CAPS” primers flanking the causal single nucleotide polymorphism (SNP) in the
har1-1 mutant allele were used for PCR (see Appendix 1) under the same conditions as
described above (see Polymerase Chain Reaction Conditions) except that 35 cycles were
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applied. The resulting DNA fragment was digested in a 10 µl reaction containing 8 µl of
the PCR product, 1 µl of 10x Buffer R, three units of MvaI (Fermentas Inc), and 0.7 µl of
ddH2O. The PCR amplicons were digested for three hours at 37°C. The reaction was then
loaded on a 4% (w/v) agarose gel and separated for 30 minutes at 160 volts in 1x TBE
buffer (5x TBE stock: 54 g of Tris base, 27.5 g of boric acid, 20 ml of 0.5 M EDTA). The
undigested product results in a single band of 358 bp in length, indicating the
homozygous wild-type genotype (i.e. the HAR1-1HAR1-1 genotype). The fully digested
product yields two bands of 188 bp and 170 bp in length, reflecting homozygous har1-1
mutant individuals (i.e. the har1-1har1-1 genotype). The heterozygous individuals
yielded all three DNA fragments of 358, 188 and 170 bp.
The SUNER1 locus was genotyped using a bidirectional PCR amplification of
specific alleles (Bi-PASA) method described in Liu et al. (1997). Two sets of primers,
namely the outer SUNER1 Bi-PASA primer pair P and O and the inner SUNER1 BiPASA primer pair A and B were used (see Appendix). The SUNER1 locus was amplified
using similar PCR conditions as described above with 0.5 µM final concentration for
primers P, O, and A and 0.25 µM final concentration of primer B in a final volume of 45
µl and the annealing temperature of 60°C. One common DNA fragment of 850 bp was
predicted to be amplified from all three segregating genotypes, namely, the homozygous
wild-type (SUNER1/SUNER1), homozygous mutant (suner1/suner1) and heterozygotes
(SUNER1/suner1). In addition, primers P and B would amplify a 537 bp fragment in the
presence of wild-type SUNER1 allele while primers Q and A were designed to amplify a
369 bp fragment in individuals carrying the suner1 allele. The heterozygous individuals
would give rise to all three, 850, 537, and 369 bp fragments.
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2.7

Phenotypic evaluation
To visualize the symbiotic bacteria, wild-type and suner1 seedlings were

inoculated with a M. loti strain NZP2235 carrying the hemA::LacZ reporter gene. Seeds
were sterilized, germinated and inoculated as described above. Roots were harvested 7,
14, and 21 days after inoculation (dai). They were fixed and histochemically stained for
β-galactosidase activity as previously described (Wopereis et al. 2000). In short, roots
were vacuum-infiltrated with a fixation solution (1.25% glutaraldehyde [v/v] in 0.2 M
sodium cacodylate, pH. 7.2) for 15 minutes and incubated in the same solution for
another 1 hour. The specimens were then rinsed twice with 0.2 M sodium cacodylate for
15 minutes and stained for β-galactosidase activity by over-night incubation in the dark at
room temperature in a staining solution (0.2 M sodium cacodylate, pH. 7.2, 100 mM
K3[Fe(CN6)], 100 mM K4[Fe(CN6)], 2% X-Gal [w/v] in N,N-dimethylformamide).
Following the incubation, the roots were rinsed consecutively with 0.2 M sodium
cacodylate, pH 7.2 (three times) and distilled water (five times). The specimens were then
cleared by incubating for 15 minutes at 57°C in a solution of 20% (v/v) methanol
containing 0.24 N HCl, followed by incubation in 60% (v/v) ethanol containing 7% (w/v)
NaOH for 15 minutes at room temperature. Tissues were gradually re-hydrated by
consecutive 5 minutes incubations in 40%, 20% and 10% (v/v) ethanol respectively, and
final infiltration for 15 minutes with 25% (v/v) glycerol containing 5% (v/v) ethanol. The
localization of M. loti was surveyed based on the resulting blue color, and compared
between different genotypes. In addition to whole root observations, longitudinal and
cross-sections of root segments were generated to enhance resolution, by embedding the
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stained root in 3% (w/v) agar blocks and sectioning these specimens to 30 µm thickness
using a Leica VT 1000S vibratome (Leica Microsystems Inc. USA).

2.8

Amplification and characterization of SUNER1 mRNA with 5’
and 3’ RACE
Total RNA was extracted from wild-type roots (14 days after sowing) using

QIAGEN RNeasy Plant Mini kit (QIAGEN, USA). 2 µg of the RNA was incubated at
37°C for 15 minutes with 4 units of DNase I (NEB Inc.) in 20 µl of 1 X DNase I reaction
buffer, prepared with DEPC-treated water. Following the incubation, 2 µl of 25 mM
EDTA was added to the mix and this was incubated at 65°C for 5 minutes.
First-strand cDNA was generated using High Capacity cDNA Reverse
Transcription Kit with RNase Inhibitor (Applied Biosystems; USA). 10 µl of the DNase
I-treated root RNA (1 µg) and 10 µl of the master mix (2 µl of 10 X RT buffer, 0.8 µl of
25 X dNTP mix, 2 µl of 10 X RT Random Primers, 1 µl of MultiScribeTM Reverse
Transcriptase, 1 µl of RNase inhibitor, and 3.2 µl of nuclease-free H20) were used. For
negative control, the same reaction as above was conducted while omitting the
MultiScribeTM Reverse Transcriptase. The thermal cycler conditions for the reverse
transcription were as follows: 25°C for 10 minutes, 37°C for 2 hours, and 85°C for 5
minutes.
For the 5’ RACE, 10 µg of total root RNA was amplified with the FirstChoice®
RLM-RACE kit (InvitrogenTM). Total root RNA was treated with calf intestine alkaline
phosphatase (CIP; InvitrogenTM) followed by tobacco acid pyrophosphatase (TAP;
InvitrogenTM) using the conditions recommended by the manufacturer. Following these
treatments, a 5’ RACE adapter was ligated to the free 5’ PO4 of the treated mRNAs. The
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resulting fragment was reverse transcribed using the random primer mix (Invitrogen TM)
and M-MLV Reverse Transcriptase (InvitrogenTM). For the 3’ RACE, 1 µg of total RNA
was reverse transcribed using the 3’ RACE adapter (InvitrogenTM) and M-MLV Reverse
Transcriptase. From the resulting pool of 5’ and 3’ ends, the SUNER1 cDNA ends were
amplified by nested PCR using the respective RACE outer primer pair initially, followed
by RACE inner primer pair (see appendix). The nested PCR parameters were as follows
for outer primers: 94°C for 3 minutes, 35 cycles of 94°C for 30 seconds, 58°C for 30
seconds, 72°C for 1 minute, and final extension of 72°C for 7 minutes. For inner primers,
the annealing temperature was increased to 60°C while all other settings were kept the
same. The amplified PCR fragments were cloned into pGEM®-T Easy vector using
Promega pGEM®-T Easy Vector System (Cat. No. A1360) and transformed into One
Shot® ccdB SurvivalTM 2 T1R chemically competent cells (Invitrogen).

2.9

qPCR expression analysis
To quantify the expression level of SUNER1 in wild-type L. japonicus (Gifu),

total RNA was extracted from uninoculated roots 9 days after sowing and inoculated
roots at 3 and 7 days after inoculation with M. loti, and mature, 21 day-old nodules. For
each of the time points, the qPCR reaction consisted of the following: 2.5 µl (1.25 µg) of
cDNA, 10 µl of Roche LightCycler 480 SYBR Green I Master solution 1 and 5.5 µl of
solution 2 and 5 pmols of forward (5’-CCATGACCGAGCAGGATATTA-3’) and
reverse (5’-AGCATCCTCAGCTGATAAGACAC-3’) primers in a 20 µl reaction. The
ubiquitin mRNA was quantified in parallel and this was used as an internal reference. For
each time-point, three biological and three technical replicates were analyzed using
Roche LightCycler 480 Real-Time PCR system. The qPCR cycling parameters included a
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pre-incubation phase of 95°C for 5 minutes and 45 amplification cycles of 95°C for 10
seconds, 55°C for 15 seconds, and 72°C for 15 seconds. Following the amplification, the
samples entered a melting curve analysis beginning at 65°C and increasing incrementally
by 0.5°C until 95°C was reached. The melting curve analysis was followed by a cooling
phase of 40°C for 30 seconds.

2.10 In planta complementation experiments
The entire SUNER1 locus (5,889 bp), including 3,077 bp and 1,409 bp 5’ and
3’UTRs, respectively, was PCR amplified using the SUNER1 Genomic forward and
SUNER1

Genomic

reverse

primers

and

the

LjT08O17

genomic

contig

(http://www.kazusa.or.jp/lotus/release1/predict/cgi-bin/get_seq.cgi?type=fas&db=clone&
id=LjT08O17) as the DNA template. The touchdown PCR cycling conditions were as
follows: initial denaturation stage of 98°C for 30 seconds, a first cycling phase with 5
cycles of 98°C for 10 seconds, 60°C for 30 seconds, 72oC for 3 minutes and a second
cycling phase with 20 cycles of 98°C for 10 seconds, 55°C for 30 seconds, 72°C for 3
minutes, and a final extension period of 72°C for 10 minutes. The forward primer had
been extended by CACC sequence on the 5’ end to facilitate the directional cloning into
the pENTRTM/D-TOPO entry vector (Invitrogen; Cat. No. K2400-20). The cloned
SUNER1 gene was than recombined from the entry vector through an LR reaction into
pKGWD,0 destination vector (Karimi et al., 2002). The integrity of the complementation
construct was confirmed by DNA sequencing and restriction enzyme analyses. Once
confirmed, the pKGWD,0-SUNER1 complementation construct was transformed into
Agrobacterium rhizogenes strain AR10.
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Hairy root transformation via A. rhizogenes was conducted as described by Petit
et al., (2008) using wild-type, suner1, har1-1 and suner1/har1-1 plants.

The

corresponding seeds were germinated and grown in the dark for 5 days on ½ X
Gamborg’s B-5 media (Sigma; Cat. No. G5893-10L). The elongated hypocotyls were
infected with A. rhizogenes carrying the complementation construct. Negative control
plants were infected with wild-type A. rhizogenes strain AR10. Following inoculation,
plants were grown under continuous light for 2 weeks. Subsequently, the primary root
was removed and the seedlings were transferred to a liquid culture (½ X Gamborg’s B-5
media, 2% sucrose [w/v], 0.002 mM cefotaxime, 5 mM MES) for 2 weeks. Plants that
developed hairy roots at the site of infection were transplanted into sterilized vermiculate
soil and grown for 5 days prior to inoculation with wild-type M. loti. Two weeks after
inoculation, the nodulation phenotype was scored.

2.11 Microscopy
All images were captured with a Nikon DXM1200 (Nikon, Japan) digital camera
integrated into two microscope platforms. The dissecting microscope Nikon SMZ1500
(Nikon, Japan) was used for macroscopic plant images and the Zeiss Axioscope 2 (Zeiss,
Germany) was used for microscopic images. TIFF format images were created by the
ACT-1 image software (Nikon, Japan) with a resolution of 3840 x 3072.
To obtain fluorescent images, wild-type roots were chopped into 1 cm pieces in
1 ml of LB01 buffer (Dolezel et al. 1989) containing 4 ug/ml of 4',6-diamidino-2phenylindole (DAPI), then incubated in the same solution for 15 minutes in the dark, on
ice, with occasional shaking. The stained roots were sectioned as described earlier (see
Figure 3.25). For large nodules, the sections were stained again on glass microscopy
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slides, in the dark, for 10 minutes. Observations and images of the nuclei were taken
using a Zeiss Axioscope 2 compound microscope with fluorescence lamp.

2.12 Flow-cytometry analysis
For ploidy level measurements, nuclei were extracted from various wild-type and
suner1 tissues in LB01 buffer (Dolezel et al. 1989) with the following composition: 15
mM Tris, 2 mM Na2EDTA, 0.5 mM spermine, 80 mM KCl, 20 mM NaCl, 0.1% (v/v)
Triton X-100, 15mM B-mercaptoethanol and 50 µg/ml of propidium iodide (PI).
Approximately 100 mg of tissue was submerged and chopped for 30 seconds in 1 ml of
the LB01 buffer inside plastic petri dish (diameter, 9 cm). The homogenate was filtered
through CellTrics® 30 µm sample filters (Partec, Germany) yielding approximately 600
µl of filtrate, which was incubated on ice, in the dark, for 20 minutes. Following the
incubation, the filtered nuclei were analyzed using a BD FACSCalibur flow-cytometer
(eBioscience Inc, USA).

2.13 Statistical analysis
All statistical analyses were performed using Microsoft Excel spread sheet
software. Significant differences between sample means were calculated using the oneway analysis of variance (ANOVA).

2.14 Primers
All primers used in the thesis were designed using either Primer3
(http://frodo.wi.mit.edu/)

or

Primer3Plus

(http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi) software. The primers listed in Appendix 1 are shown
in the 5’ to 3’ orientation.

23

Chapter 3 : Results
3.1

Identification of the L. japonicus sup8-1A mutant
Amongst the many symbiotic variants identified through a genetic screen for

suppressors of the L. japonicus har1-1 hypernodulation phenotype, a line called
suppressor8-1A (sup8-1A) was selected for further analyses. At 14 dai with M. loti, the
sup8-1A mutant shows an attenuated nodule development phenotype and enhanced root
elongation in comparison with the parental har1-1 line (Figure 3.1). Mapping
experiments performed during the course of this thesis positioned the presumed
“suppressor” locus to a unique location on L. japonicus chromosome 5, which was
subsequently confirmed by the identification of the causative gene. For reasons described
below this gene was named as SUNERGOS1 (SUNER1) and the corresponding mutant
allele is referred to hereafter as suner1.

3.2

The sup8-1A mutant phenotype is ephemeral
Initial observations of sup8-1A roots 7, 14 and 21 dai indicated that the mutant

phenotype is ephemeral.

Differences between the mutant and the parental har1-1

symbiotic phenotypes could only be observed early on, at 7 dai. At this time point, the
sup8-1A phenotype was characterized by having extended regions of the roots which
appeared to be deprived of nodules (Figure 3.2). This contrasted significantly with the
nodulation pattern of the parental line har1-1, where profuse nodulation covered almost
the entire root system (Figure 3.2). During subsequent stages, at 14 and 21 dai, the
nodulation phenotype of the mutant increasingly resembled the parental line, suggesting
that the apparent early symbiotic block in sup8-1A could be overcome with time (Figure
3.2).
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Figure 3.1 The Lotus japonicus sup8-1A mutant

The sup8-1A mutant has been identified in a forward genetic screen for suppressors of the
L. japonicus har1-1 hypernodulation (i.e. making excessive number of nodules)
phenotype (Murray et al., 2006). At 14 days after inoculation with Mesorhizobium loti,
the har1-1 parental line (SUNER1/har1-1 genotype) develops numerous nodules, which
also limits root and shoot growth while the sup8-1A mutant (suner1/har1-1 genotype)
shows an attenuated nodulation phenotype and enhanced root elongation. EMS: ethyl
methanesulfonate was used as a mutagen.
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3.3

sup8-1A attenuates the symbiotic development
To gain insight into the underlying symbiotic defect in sup8-1A, root samples at 7

dai were analyzed in more detail. The roots were inoculated with a M. loti strain carrying
hemA::LacZ reporter gene fusion, allowing for easy visualization of bacteria within the
root system. Sectioning of inoculated roots revealed the presence of root hair infections
and subtending cortical cell division for nodule primordia organogenesis in the sup8-1A
mutant. However, unlike har1-1, where at 7 dai the localized cortical cell divisions lead
to formation of well-defined nodule primordia and nodules with clearly detectable
colonization by M. loti, these processes appeared significantly attenuated in sup8-1A
(Figures 3.3). Thus, the most obvious difference between har1-1 and sup8-1A was the
size of the nodule primordia. The har1-1 had extensive regions of cell divisions
associated with the nodule primordia formation which had already caused root bulging
(Figure 3.3 B and D). Although present, these regions of cell division were smaller in the
mutant (Figure 3.3 A), suggesting that this process is strongly attenuated by the sup8-1A
mutation. Furthermore, the extent of root colonization by M. loti at 7 dai also appeared
significantly diminished in the mutant. Infection threads were readily formed within root
hairs but they either failed to progress inside the root cortex altogether or if they did, this
occurred to a very limited extent (Figure 3.3 A and B). The comparative analysis of root
cross-sections further suggested that unlike har1-1, the colonization of small nodule
primordia in the mutant was significantly restricted (Figure 3.3 C and D).
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Figure 3.2 Symbiotic root phenotypes of har1-1 and sup8-1A

M. loti strain NZP2235 tagged with constitutive hemA::LacZ reporter gene fusion was
used for inoculation and roots were stained for β-galactosidase activity 7, 14 and 21 days
after inoculation (dai) to reveal the location of bacteria (dark blue colour). At 7 dai,
development of infected nodules was attenuated in sup8-1A in comparison with har1-1.
Later, at, 14 and 12 dai, symbiotic root phenotypes of sup8-1A and the parental line were
similar. Note that large, fully developed nodules do not show the -galactosidase activity
(blue staining) despite the presence of bacteria; this is due to inability of the
histochemical substrate, X-Gal, to penetrate mature nodules.
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Figure 3.3 sup8-1A appears to act downstream from nodule primordium formation

and bacterial infection.
The roots were inoculated with M. loti carrying the hemA:LacZ reporter gene and, upon
histochemical staining, they were sectioned longitudinally (A and B) or transversely (C
and D) 7 dai. Note that in both the parental har1-1 and sup8-1A mutant line, cell
divisions for nodule primordia formation (NP) and root infection by M. loti (blue color)
were initiated; however, NP formation appears significantly attenuated and the infection
process is stalled either at the epidermis or within NP cells in sup8-1A. Arrows point to
root hair infection threads (IT) while arrowheads signify cortical infection events.

28

Taken together, these observations suggested that although the initiation of
epidermal infection and cortical cell divisions do occur in sup8-1A, their subsequent
progression is stalled as if these two converging processes become temporarily
incompatible or lose their synergy. To reflect on this fact, I tentatively named the
underlying locus as SUNERGOS1 (SUNER1) which signifies the Greek word syn-ergos,
meaning 'working together'.

3.4

Map-based cloning of the SUNER1 locus
In order to identify the SUNER1 gene at the molecular level, a segregating F2

mapping population derived from a cross between sup8-1A (suner1/har1-1 in Gifu
genetic background) and MG20_har1-1 polymorphic line was analyzed (Figure 3.4). In a
uniform background of har1-1 (note that both crossing partners carry the homozygous
har1-1 mutation) only the suner1 allele was expected to segregate. Strict phenotypic
selection criteria based on a lower number of visible nodules and relatively longer roots
were applied to select F2 sup8-1A segregants. Given the possibility of a phenotypic
overlap with the parental line (e.g. poorly nodulated har1-1 individuals due to damage or
a sick plant), all individuals with an ambiguous nodulation phenotype were categorized
as har1-1. Using these stringent criteria, a 3.4 to 1 ratio of parental versus mutant
phenotype was obtained (Figure 3.4; Table 3.1). Although this ratio deviates slightly
from the expected 3 : 1 Mendelian segregation (Table 3.1; x2 > P0.05), it was presumed at
this stage of the analysis that the sup8-1A phenotype was determined by a recessive
monogenic mutation at the L. japonicus SUNERGOS1 locus.
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Figure 3.4 sup8-1A mapping population.

sup8-1A (suner1/har1-1; Gifu ecotype) was crossed with the polymorphic L. japonicus
MG20_har1-1 introgession line (Murray et al., 2006). The resulting F1 plant was selfpollinated to generate an F2 population segregating the suner1 mutation. This population
has given rise to two predicted phenotypic classes, har1-1 and sup8-1A, which segregated
at a 3.4 : 1 ratio. For additional details see Table 3.1.
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A classical linkage analysis, which uses microsatellite markers that are
polymorphic between Gifu and MG20 (Figure 3.5), was applied to position the SUNER1
locus on the L. japonicus genetic map.
Previous studies had predicted the SUNER1 locus to be present on chromosome
5, between simple sequence repeat (SSR) molecular markers TM1077 and TM428
(Hossain and Szczyglowski; unpublished data; see Figure 3.6) and this has been
confirmed. The physical length of the region, however, was estimated to be
approximately 2 Mb in size, which was too large for a feasible candidate gene prediction;
thus further genetic delineation was needed.
Approximately 3264 F2 sup8-1A individuals were selected and genotyped in
order to fine-map the SUNER1 locus. 64 informative recombinants were identified
(Figure 3.6). As a result, the region containing the SUNER1 locus was defined by new
flanking markers, TM0696 (present on the northern side) and BM2365 (present on the
southern side), encompassing the predicted physical distance of only 250 kb (Figure 3.7).
As the sequence of this region was available based on the L. japonicus genome sequence
assembly release 2.5 (http://www.kazusa.or.jp/lotus/index.html), the RiceGAAS program
(NIAS, Japan) was used to predict its gene content. Several gene models were predicted
in this region and most of them have been sequenced from both wild-type and sup8-1A
backgrounds; however no polymorphism was detected in the delimited region (data not
shown), raising the possibility that a wrong region could have been selected.
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Table 3.1 sup8-1A mapping population scored for number and size of nodules and
root length

Phenotype

Expected

Observed

SUNER1/har1-1

10761

11084

suner1/har1-1

3587

3264

Note that χ2 value (χ2=38.66) deviates from the expected 3:1 ratio, reflecting strict
criteria that were used to select sup8-1A plants for the purpose of mapping.
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Figure 3.5 Examples of two segregating molecular markers used for mapping the

SUNER1 locus.
The DNA banding patterns (top rows) corresponding to simple sequence repeat (SSR)
markers, TM1077 and TM2248, are shown for L. japonicus ecotype Gifu, its
polymorphic mapping partner MG20, the F1 hybrid (Gifu x MG20), and selected sup81A F2 individuals (numbers 47 to 1143) from the mapping population of sup8-1A x
MG20_har1-1. Color maps (bottom rows) reflect the corresponding Gifu (green and G),
MG20 (yellow and M) and heterozygote (blue and H) genotypes. Note that unlike
TM1077, all mutant individuals are homozygous Gifu at the TM2248 marker, indicating
linkage to the SUNER1 locus.
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Figure 3.6 Color map for linkage analysis at the SUNER1 locus.

Linkage analysis was performed using 3264 F2 sup8-1A individuals. The molecular
markers (Markers) of the selected region on chromosome 5 are represented by numbers
in the column shown to the left of the diagrams and selected F2 sup8-1A mutant
individuals (Individual) are listed in the top row. Color-coding is as described in the
legend to Figure 3.5. Individuals 2678 and 2945 represent flanking recombinants
(heterozygote genotypes at markers 696 and 2365), which delimit the position of the
SUNER1 locus between these two markers (highlighted by red squares and arrows). SSR
markers used can be found at the Lotus japonicus genome sequencing project website
(http://www.kazusa.or.jp/lotus/). All additional SSR, CAPS and dCAPS markers
generated for the linkage analysis (gray) are listed in Appendix 1.
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Figure 3.7 The L. japonicus SUNER1 locus.

A diagram of L. japonicus chromosome 5 (A) showing the position of the SUNNER1
locus (gray region), as initially delimited by SSR markers BM 2248 and BM 2365 within
the sequenced DNA contig CM 0696 (http://www.kazusa.or.jp/lotus/). (B) Fine mapping
further delimited the position of the SUNER1 locus to a 250 kb interval between TM696
and BM2365 flanking markers. The bracketed numbers represent the number of
independent recombinants identified at the given marker.
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3.5

Next-generation sequencing aids in a candidate gene selection
In order to gain independent insight, the entire genome of suner1 was sequenced

using next generation sequencing. This work was carried out by the Centre for Analysis
of Genome and Evolutionary Functions (CAGEF) at the University of Toronto
(http://www.cagef.utoronto.ca/). A bioinformatic analysis using the SHOREmap program
(Schneeberger et al., 2009) was subsequently employed to identify polymorphism
between the mutant and the L. japonicus reference genome, which was guided by the
already available mapping data. This portion of the work was performed through a
collaborative effort with Dr. Stig U. Anderson at Aarhus University in Denmark. By
using this approach, a transformable artificial chromosome (TAC) clone TM 0696,
containing one of the flanking markers as delimited by the map-based cloning approach,
was identified as being misaligned. This resulted in a portion of the region containing a
single nucleotide polymorphism (SNP; G610 to A) to be excluded from the predicted
SUNER1 region (Figure 3.8 A).

Upon correction, this polymorphism was located

between the two flanking markers (Figure 3.8 B) and was well-supported by the
sequencing data, with 16x coverage of the relevant region. As this was associated with a
predicted gene model, the corresponding region was considered as a viable candidate for
the SUNER1 locus.

3.6

Characterization of SUNER1 locus
Following the identification of the candidate gene, its predicted exon/intron

structure was confirmed. Firstly, the corresponding mRNA was characterized as being
1430 bp in length, including 76 and 161 bp 5’ and 3’UTRs, respectively (Figure 3.9 A).
The 5’ and 3’ UTRs were identified by performing rapid amplification of cDNA ends
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Figure 3.8 Molecular identification of the candidate SUNER1 gene.

The delimited region of 250 kb in sup8-1A (A) did not contain any DNA polymorphism
in comparison with wild-type Gifu. Next-generation sequencing of the sup8-1A genome
and subsequent bioinformatics analysis corrected the misaligned TM696 clone and
identified the G610 to A transition within the predicted protein coding gene that was
located within the region, as delimited by the map-based cloning approach. This gene
was considered as a candidate for the SUNER1 locus.
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(RACE) experiments, which was followed by sequencing (Figure 3.9 B). Alignment of
the genomic and mRNA sequences defined the structure of the candidate SUNER1 gene
as being composed of two exons, 522 and 747 bp in length, and one intron, 121 bp in
length (Figure 3.9 A).

3.7

L. japonicus SUNER1 encodes subunit A of a DNA topoisomerase
VI

The SUNER1 transcript contains an open reading frame of 422 amino-acids which
comprises a predicted protein with a high homology to several known or predicted DNA
topoisomerase VI subunit A (TOP6A) proteins from various plants and archaebacteria
(Figure 3.10). It showed the highest homology (90% identity and 95% similarity) to a
predicted TOP6A from Arachis hypogaea and shared significant homology (85% identity
and 93% similarity) with ROOTHAIRLESS2 TOP6A (RHL2) from Arabidopsis thaliana
and the archeotypic TOP6A from Sulfolobus shibatae (Table 3.2). Importantly, all of
these proteins share the two domain structure that is thought to be characteristic of
TOP6A (Figure 3.11). The first domain is defined as the E. coli catabolite-activator
protein like (CAP) domain and is responsible for ATP-mediated DNA binding. The
second domain is the topoisomerase-primase (TPM) domain responsible for the DNA
double strand cleavage and re-ligation. The suner1 mutation leads to substitution of
valine204 (V204), which is located in between the two domains of TOP6A, to methionine
(M). It is worth noting, however, that given their similar physio-chemical properties; this
amino-acid change is considered as a conservative substitution (Dayhoff et al., 1983;
Hadwiger et al., 1989).
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Figure 3.9 The candidate SUNER1 gene and mRNA.

The presumed SUNER1 mRNA is made of two exonic sequences and is 1430 bp in
length, including 76 and 161 bp of 5’ and 3’ un-translated (UTR) regions, respectively.
(A) Exon-intron structure of the predicted SUNER1 gene and the corresponding mRNA.
The blue boxes represent exons, while lines represent an intron and UTRs of the gene.
(B) Amplification of 5’ (green) and 3’ UTR (purple) fragments using RACE.
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Figure 3.10 The candidate SUNER1 gene encodes a protein that shares significant

homology with known and predicted subunit A of the DNA topoisomerase VI
(TOP6A) from plants and bacteria.
Proteins homologous to SUNER1 (L. japonicus) were identified from various species by
blastp and were aligned using CLUSTALW. This alignment is represented by an unrooted tree, as generated using TreeView. The protein sequences used to generate the
alignment are listed in Table 3.2.
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Table 3.2 Scores of similarities and identities of the L. japonicus SUNER1 protein to
known or predicted DNA topoisomerase VI subunit A proteins from other plants
and bacteria.
Species

Protein

Acc. No.

Identities

Similarities

Arachis hypogaea

predicted

EZ732608

90

95

RHL2

NP_195902.1

85

93

Vitis vinifera

predicted

XP_002274790.1

85

91

Populus trichocarpa

predicted

XP_002326329.1

85

92

spo11

XP_002525197.1

85

91

Physcomitrella patens

predicted

XP_001763679.1

73

86

Selaginella moellendorffii

predicted

XP_002985538.1

72

84

Zea mays

RHL2

ACG43435.1

69

84

Oryza sativa

TOP6A

EAZ26508.1

68

83

Ostreococcus tauri

TOP6A

XP_003079148.1

66

84

Sulfolobus shibatae

TOP6A

O05208.1

31

52

Arabidopsis thaliana

Ricinus communis
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Figure 3.11 SUNER1 contains conserved domains that are characteristic of DNA

topoisomerase VI subunit A.
A schematic representation of the SUNER1 protein and two known TOP6A proteins from
Arabidopsis (RHL2) and Sofolobus shibatae (Archaea). The presence of the catabolite
activator protein (CAP) and topoisomerase primase-like (TPM) domains is characteristic
and shared by TOP6As in plants and bacteria The suner1 mutation is predicted to change
valine204 to methionine.
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3.8

The SUNER1 gene complements the suner1 mutant phenotype
In order to confirm that the correct candidate gene was selected, in planta

complementation experiments were performed (Figure 3.13). Agrobacterium rhizogenesmediated transformation of wild-type or har1-1 shoots produces hairy roots that readily
develop functional, pink nodules. In contrast, hairy roots formed on suner1 mutant shoots
show very limited capacity for symbiosis, forming only a small number of
underdeveloped nodules (Figure 3.13). However, when supplemented with the wild-type
copy of the SUNER1 gene (Figure 3.12), the ability to form pink nodules was restored in
both suner1 single and suner1 har1-1 double mutant backgrounds. Although a
statistically significant increase in nodulation capacity over the control plants transformed
with empty vector was achieved, the suner1 containing plants that were transformed with
A. rhizogenes strain carrying the SUNER1 gene formed on average less pink nodules than
the corresponding wild-type or har1-1 plants (Figure 3.13 B). This is perhaps due to the
fact that plants transformed with the SUNER1 gene-containing complementation
construct were generally attenuated in their ability to form hairy roots, such that less root
tissue and nodules were formed (Figure 3.14). Taking together the map-based cloning
and complementation analyses, I have interpreted these data as being supportive of the
notion that the identified TOP6A-like gene constitutes the L. japonicus SUNER1 locus.

3.9

SUNER1 is ubiquitously expressed in L. japonicus tissues
In order to gain insight into the expression profile of SUNER1, the L. japonicus

Gene Atlas, a collection of L. japonicus transcriptome data obtained based on the
genome-wide microarray analyses, was first searched (Figure 3.15; unpublished data
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Figure 3.12 Schematics of control and complementation constructs.

Two DNA vectors were used for in planta complementation experiments; the pKGWD,0
destination vector (http://gateway.psb.ugent.be/search) and the same vector containing
the SUNER1 gene (A). The genomic fragment of the entire SUNER1 locus was 6 kb in
length (B). Specr, spectinomycin resistance; Strepr, streptinomycin resistance; Kanr,
kanamycin resistance; LB, left T-DNA border; RB, right T-DNA border.
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Figure 3.13 SUNER1 restores wild-type nodule formation to sup8-1A and suner1.

A genomic fragment containing the entire SUNER1 locus (see Figure. 3.12) was
introduced by A. rhizogenes (AR10)-mediated transformation to generate transgenic hairy
roots on non-transgenic shoots. (A) Representative images of transgenic hairy roots that
were inoculated with M. loti are shown for the positive control (har1-1 + AR10), negative
control (suner1/har1-1 + AR10 containing empty vector) and the complementation
experiment (suner1/har1-1 + AR10_SUNER1). (B) Scores of nodules formed on
transgenic hairy roots. Note that the presence of SUNER1 significantly increases nodule
formation in sup8-1A (suner1/har1-1) and suner1, although not to the parental line levels.
In all cases, values represent the mean ± 95% CI (n >10). Asterisk indicates significant
differences (Student’s t-Test, P<0.05).
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Figure 3.14 The SUNER1 complementation construct restricts hairy-root formation.

Hairy-roots formed abundantly on hypocotyls of wild-type (Gifu) and suner1 when
infected with either wild-type A. rhizogenes (AR10) or the same strain containing the
empty pKGWD,0 vector. In the presence of the SUNER1 complementation construct,
hairy-root formation is attenuated.
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kindly provided to us by Dr. Michael Udvardi, The Samuel Roberts Noble Foundation,
Oklahoma, USA)., The SUNER1 mRNA was detected in all L. japonicus tissues, with the
highest steady-state level in uninoculated roots and roots collected soon after rhizobial
inoculation (Figure 3.15). A qPCR experiment was subsequently performed in order to
confirm the gene atlas data and to analyze the SUNER1 gene expression in more detail
during early time-points after inoculation (Figure 3.16).

The SUNER1 mRNA was

present at all time-points that were analyzed; no apparent regulation of the steady-state
level of the SUNER1 transcript was detected, except for the fully mature, 21 day-old
nodules, where the level was significantly diminished in comparison with various root
tissues (Figure 3.16A). The latter observation is consistent with the Gene Atlas data (see
Figure 3.15).

3.10 The suner1 single mutant
The suner1 mutant carrying the wild-type homozygous HAR1 locus (i.e. the
suner1suner1/HAR1-1HAR1-1 genotype), was identified from F2 segregating population
derived from the cross between sup8-1A (suner1suner1/har1-1har1-1 genotype) and
wild-type L. japonicus Gifu (SUNER1SUNER1/HAR1-1HAR1-1 genotype). suner1 plants
had similar root length (Figure 3.17 A) as well as statistically identical number of nodules
and nodule primordia as wild-type plants during all developmental stages that were
analysed (i.e . 7, 14 and 21 dai; Figure 3.17 B), making it difficult to distinguish the
mutant from wild-type plants.
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Figure 3.15 SUNER1 is expressed ubiquitously in various L. japonicus tissues.

Microarray based profile of the SUNER1 mRNA steady-state levels in various L.
japonicus tissues. The expression information was derived from the L. japonicus Gene
Atlas (unpublished data kindly provided to us by Dr. Michael Udvardi, The Samuel
Roberts Noble Foundation, Oklahoma, USA). dai, days after inoculation; dap, days after
pollination.
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Figure 3.16 Quantitative RT-PCR analysis of SUNER1 mRNA.

The qRT-PCR of SUNER1 mRNA during various stages of nodule development confirms
the L. japonicus Gene Atlas data. Total RNA isolated from uninoculated, nine-day-old
control roots (9 UN) and roots harvested at 3 and 7 dai and nodules (21dai) was used to
quantify the steady-state levels of the SUNER1 mRNA. In all cases, values represent the
mean ± 95% CI for three biological and three technical repetitions. Statistical grouping is
indicated by the same lower case letter (one-way ANOVA, p<0.05).
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Figure 3.17 The suner1 phenotype is difficult to distinguish from the wild-type

phenotype.
The suner1 mutant was selected based on genotyping F2 individuals derived from the
cross between suner1/har1-1 (sup8-1A) and wild-type Gifu (see text for more details).
When grown in the presence of M. loti, the mutant showed shoot and root phenotypes
similar to wild-type (Gifu) (panel A show plants at 14 dai), which was also reflected in
similar number of nodule primordia and nodules that were formed 7, 14 and 21dai (B).
Values in “B” represent the mean ± 95% CI (n = 10).
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Detailed microscopic observation, however, revealed the suner1 mutant
phenotype. In wild-type plants, infection threads readily penetrate subtending regions of
cortical cell divisions (Figure 3.18 A) where they ramify (Figure 3.18 B) to efficiently
colonize nodule primordia. This leads to formation of fully functional nodules (Figure
3.18 C). All of these events were present in suner1 (Figure 3.18 D-F) except that the
progression of the infection was stalled at the epidermis/cortex interphase or within the
subepidermal cortex above the subtending nodule primordium (Figure 3.18 D). The
infection thread in suner1 appeared temporarily misguided, as they appear to migrate
parallel to the longitudinal axis of the root instead of growing straight inside the
subtending nodule primordium. Like sup8-1A, suner1 also appeared to form smaller
nodule primordia (compare Figure 3.3A and 3.18D), although this and the abovementioned infection defect were rapidly overcome, such that wild-type nodules were
readily formed (Figure 3.18 E and F).
It is worth noting that similar to nodule formation events, the number of
epidermal infection threads was not significantly different between wild-type and the
suner1 mutant (Figure 3.19).

3.11 The suner1 mutation is temperature sensitive
Given the subtle and ephemeral symbiotic phenotype of suner1, I sought
conditions that could enhance the mutant phenotype. One approach was taken to
examine whether the suner1 mutation is temperature sensitive. Indeed, when grown at
28°C suner1 showed an enhanced nodulation defect in comparison to plants
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Figure 3.18 The suner1 mutant phenotype is ephemeral.

In wild-type plants, infection threads (ITs) readily penetrate the root cortex (A) and
ramify within the subtending regions of cell divisions (B), which leads to formation of
fully colonized nodules (C). In suner1, the same event can be observed but the
progression of ITs inside the inner cortex is temporarily stalled at or near
epidermis/cortex interface (D). This apparent block is rapidly overcome (E) and as in
wild-type, colonized nodules are formed (F). Note that regions of cortical cell divisions
for nodule primordia formation (NP) in suner1 appear somewhat less pronounced then in
wild-type.
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Figure 3.19 Number of infection events in suner1 mutant.

The roots were stained for -galactosidase activity and infection threads were counted 7
days after infection. Ten individuals were scored for each genotype and averages +/- 95%
CI are given.

53

grown under the usual, 21°C growth regime (compare Figure 3.17 and 3.20). At 7 dai,
this was reflected by the presence of only small nodule primordia and an almost total
absence of emerged nodules (i.e. those which bulge out of the root epidermis). These
features were clearly distinct from the wild-type control grown under the same, elevated
temperature conditions (Figure 3.20 A and B). At 14 and 21 dai, the suner1 more closely
resembled the wild-type nodulation phenotype, further highlighting the ephemeral nature
of the mutation. However, unlike at 21°C, emerged nodules that formed on suner1 roots
grown at 28°C remained small, especially at 14 dai, and could easily be distinguished
from those of the wild-type control (Figure 3.22). Detailed inspection of roots stained for
the -galactosidase reporter gene activity associated with the tagged M. loti strain showed
that although formation of root hair infection threads was not affected in suner1, their
progression was misguided as evidenced by frequent looping within the epidermis or
subepidermal cortex above the subtending nodule primordium (Figure 3.21). This
infection phenotype was identical regardless of the 21 or 28°C growth conditions;
however the subtending nodule primordia appear to be much smaller at 28°C in
comparison to suner1 (Figure 3.21) and wild-type grown at 21°C, suggesting that the
temperature-sensitivity primarily affects nodule primordium development.

3.12 The temperature-sensitive phenotype co-segregates with the
suner1 mutation
A segregation analysis was performed to confirm that the suner1 mutation cosegregates with the mutant phenotype observed at 28°C. A total of 187 F2 individuals
segregating the suner1 allele were grown at 28°C and were phenotypically categorized as
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Figure 3.20 The suner1 mutation confers a temperature-sensitive nodulation

phenotype.
Plants were grown for 7 days in the presence of M. loti at 21°C and 28°C (A). Note that
suner1 produces roots without visible nodules 7 dai when grown at the elevated
temperature (A). Scores of nodule primordia and nodules 7, 14, and 21 dai as evaluated
under 28°C growth conditions; values in “B” represent the mean ± 95% CI (n = 10). See
Figure 3.17 for comparison.
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Figure 3.21 Infection threads (ITs) are misguided in suner1.

The roots were inoculated with M. loti carrying the hemA:;LacZ reporter gene and 7 dai
they were stained for -galactosidase activity and sectioned longitudinally. Note looping
infection threads (IT) within the root epidermis and/or subepidermal cortex above
subtending nodule primordia (NP). This mutant phenotype was observed under both 21
and 28°C growth conditions.
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Figure 3.22 suner1 forms smaller nodules at 28°C.

When grown at 28°C the suner1 mutant forms only small nodules at 14 dai (A). Only
fully emerged nodules were scored and categorized as large and small nodules (B). For
additional details see text. Values in “B” represent the mean ± 95% CI (n = 7)
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wild-type (134 individuals) and suner1 (53 individuals) at 14 dai based on their
nodulation phenotype (Figure 3.23). Following the phenotypic screen, all individuals
were subjected to genotyping at the SUNER1 locus (Table 3.3). With the exception of 6
individuals, all phenotypically selected mutants were confirmed as being homozygous
suner1/suner1 plants while all wild-type individuals were either homozygous dominant
(SUNER1/SUNER1) or heterozygous (SUNER1/suner1) at the locus. This analysis
confirmed, therefore, co-segregation of the temperature-sensitive phenotype with the
suner1 mutation while also providing independent confirmation for the recessive
monogenic nature of the mutation (Table 3.3).

3.13 SUNER1 is predicted to mediate endoreduplication of nodule cells
Based on the obtained data and the knowledge that a DNA topoisomerase VI is
involved in endoreduplication (Yin et al., 2002), I have refined my initial hypothesis.
The SUNER1 TOP6A was presumed to function downstream from the initial cortical cell
division to mediate endoreduplication of nodule primordia cells (Figure 3.24). One clear
prediction based on this hypothesis is that the nodule cell ploidy should be different
between wild-type and the suner1 mutant.

Testing this prediction, however, was

expected to be complicated due to the ephemeral phenotype of suner1.
Flow-cytometry measurements of L. japonicus wild-type and suner1 nuclei
showed that approximately 90% of leaf nuclei were at the 2C (diploid) level with the
maximum ploidy at 4C (Figure 3.26 and Figure 3.27). In uninoculated roots of both
genotypes, the most abundant nuclei were at 4C (~60%), with the highest ploidy being at
8C (Figure 3.26 and Figure 3.27).
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Figure 3.23 The temperature-sensitive nodulation phenotype co-segregates with the

suner1 mutation.
Flow-chart for the phenotypic and genotypic analyses of F2 segregants derived from the
cross between suner1 and wild-type (Gifu). All 187 F2 individuals were phenotyped and
genotyped to determine the status at the SUNER1 locus. The numbers of individuals in
each genotypic category are given in Table 3.3. The image shows the three possible
genotypic outcomes.
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Table 3.3 Genotypes of 187 F2 individuals derived from a cross between suner1 and
wild-type (Gifu).
Genotype

Expected

Observed

SUNER1/SUNER1

46.75

48

SUNER1/suner1

93.5

92

suner1/suner1

46.75

Total

187

60

47

187

Figure 3.24 A predicted role of SUNER1 during symbiotic root nodule development.

SUNER1 is presumed to function downstream from cell divisions to mediate
endoreduplication of nodule primordium cells. This appears to be a required step for ITs
to enter and ramify within subtending nodule primordia in a timely fashion, which
assures normal progression of symbiosis.
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Figure 3.25 Examples of nuclei present in L. japonicus.

Fluorescent (DAPI) images for root hairs (A), root epidermal cells (B) and nodules (C)
are shown. Note differences in the size of nuclei (N) between infected (IC) and
uninfected (UC) nodule cells.
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Figure 3.26 Ploidy levels in wild-type L. japonicus leaves, roots and nodules.

(A) Analysis of the nuclear DNA content by flow-cytometry. Representative graphs for
one of the three biological replicates for each tissue tested are shown; note that individual
peaks correspond to various ploidy levels (2C = diploid). (B) The mean distributions of
nuclei sizes ± 95% CI (n = 3) are given. In total, 25409, 24899 and 26352 nuclei were
measured in three biological replicates for leaf, root and nodules, respectively and the
corresponding mean values are represented as 100% (B). Note that tissues were analyzed
14 dai.
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Figure 3.27 Ploidy levels in L. japonicus suner1 leaves, roots and nodules.

(A) Analysis of the nuclear DNA content by flow-cytometry. Representative graphs for
one of the three biological replicates for each tissue tested are shown; note that individual
peaks correspond to various ploidy levels (2C = diploid). (B) The mean distributions of
nuclei sizes ± 95% CI (n = 3) are given. In total, 31268, 37422 and 37849 nuclei were
measured in three biological replicates for leaf, root and nodules, respectively and the
corresponding mean values are represented as 100% (B). Note that tissues were analyzed
14 dai.
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Figure 3.28 suner1 affects nodule cell ploidy at 28°C.

(A) Analysis of the nuclear DNA content by flow-cytometry. Representative graphs for
one of the three biological replicates of wild-type and suner1 nodules are shown (B) The
mean distributions of nuclei sizes ± 95% CI (n = 3) are given. In total, 37304 and 37184
nuclei were measured in three biological replicates for 28°C wild-type and suner1
nodules, respectively and the corresponding mean values are represented as 100% (B).
Note that tissues were analyzed 14 dai.
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Similar to

roots, 14 day-old nodules had 4C nuclei representing the most

abundant category but the highest ploidy reached the 32C level in both wild-type and
suner1 (Figure 3.26 and Figure 3.27). 15.6% of nodule cells contained endoreduplicated
nuclei (i.e. ˃ 4C) in wild-type control, with 7.2% comprising 16C (5.85%) and 32C
(1.4%) categories. The fraction of endoreduplicated nuclei is suner1 grown at 21°C was
somewhat lower (12.35%) than in wild-type (Figure 3.27) and this was mostly due to
approximately three-fold decrease in frequency of 32C nuclei (0.55% in suner1 vs. 1.4%
in wild-type). suner1 nodules appear also to be deprived of the 2C nuclei category
(Figure 3.27).
As the suner1 phenotype is potentiated at an elevated temperature, the ploidy
levels were re-evaluated for wild-type and suner1 nodules for plants grown at 28°C
(Figure 3.28). The distribution of sizes in wild-type nodules was virtually unchanged
from what was determined for plants grown at 21°C, with 15.3% nuclei being
endoreduplicated (compare Figures 3.26 and 3.28). In contrast, suner1 nodules had less
16C nuclei (1.6% at 28°C vs. 4.4% at 21°C), while 32C nuclei were entirely absent at
28°C (Figure 3.28). Nevertheless, the total number of endoreduplicated nuclei in suner1
nodules was 16.6%, which was due to almost doubled frequency of the 8C nuclei
category at 28°C (15%) as compared to 21°C (8.6%).
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Chapter 4 : Discussion
During this thesis work, I characterized the L. japonicus sup8-1A symbiotic
mutant which was originally selected from a genetic screen for suppressors of the har1-1
hypernodulation phenotype (Murray et al., 2006). I have identified the causative mutation
by showing that the sup8-1A symbiotic phenotype is determined by a weak mutant allele,
called suner1. The presence of this allele leads to a transitory defect in the differentiation
of nodule primordium cells, such that they remain temporarily incompatible with the
approaching bacterial infection. I show that the L. japonicus SUNER1 locus encodes a
predicted subunit A of a DNA topoisomerase VI. The data presented provide evidence
supporting involvement of the SUNER1 TOP6A in mediating the endocycle, an essential
step during normal differentiation of nodule infected cells.

4.1

DNA topoisomerase
DNA topoisomerases are enzymes that modify topology of DNA in prokaryotic

and eukaryotic cells (Hartung et al., 2002). They alleviate or introduce supercoiling,
catenation and knotting, which arise during normal cellular functions, such as DNA
replication, transcription, recombination and chromatin remodeling (Champoux, 2001;
Wang, 2002; Singh et al., 2004).
Topoisomerases are classified into two major groups, namely type I and type II,
based on their ability to generate transient, single or double strand breaks, respectively
(Singh et al., 2004). The type I topoisomerases are monomeric and are further classified
into two sub-families, type IA and IB, depending on their mode of action (Singh et al.,
2004). The type II topoisomerases are either dimeric or tetrameric and are also classified
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into two sub-families, type IIA and IIB. The type IIA topoisomerases are dimeric and
leave a 4-bp overhang, while type IIB are tetrameric and leave a 2-bp overhang in
cleaved DNA (Buhler et al., 2001). The type IIB sub-family encompasses the prototypic
S. shibatae topoisomerase VI (TOP6) (Bergerat et al., 1997).

4.2

DNA topoisomerase VI
TOP6 is the only known class of enzymes within the type IIB topoisomerases. In

S. shibatae TOP6 comprises an A2B2 heterotetramer (Bergerat et al., 1997). The subunit
A of TOP6 is distinct in comparison to any other topoisomerases (Bergerat et al., 1997)
and shares homology with the SPO11 protein of Saccharomyces cerevisiae (Nichols et
al., 1999). The latter is known to be involved in homologous recombination events during
meiosis (Keeney et al., 1997).
Unlike other eukaryotes, plants contain three different TOP6A/SPO11 homologs
(SPO11-1, SPO11-2 and SPO11-3/RHL2) and also have a single homolog of the subunit
B (AtTOP6B) (Hartung and Puchta, 2001). It was shown that Arabidopsis AtSPO113/RHL2 and AtTOP6B interact, forming functional TOP6 (Sugimoto-Shirasu et al.,
2002). Furthermore, additional interacting proteins, including ROOT HAIRLESS 1
(RHL1; Sugimoto-Shirasu et al., 2005) and a nuclear protein MIDGET constitute
essential components of an active TOP6 complex (Kirik et al., 2007).
A great deal of study has been dedicated towards unraveling the role of TOP6 in
plants. Unlike AtSPO11-1 and AtSPO11-2, which like S. cerevisiae SPO11 are involved
in meiosis (Stacey et al., 2006), AtSPO11-3/RHL2 plays an essential function during
somatic development (Yin et al., 2002). Consistent with this notion, deleterious
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mutations in AtSPO11-3/RHL2 and also in RHL1, MIDGET or AtTOP6B, result in similar
dwarf phenotypes. This was associated primarily with the reduced endoreduplication
levels and also defects in chromatin condensation and transcriptional silencing (Hartung
et al., 2002; Sugimoto-Shirasu et al., 2002; Sugimoto-Shirasu et al., 2005; Kirik et al.,
2007). The identification and functional characterization of SUNER1, a predicted subunit
A of TOP6 in L. japonicus, highlights a previously unrecognized function of this enzyme
in the endoreduplication of nodule cells.

4.3

Endoreduplication
Endoreduplication is a common process in eukaryotes, which is also pertinent

during the differentiation of nitrogen-fixing symbiotic cells (Vinardell et al., 2003;
Kondorosi et al., 2005; Gonzalez-Sama et al., 2006). It involves replication of the
chromosomal DNA without the mitosis stage, which leads to increased ploidy ((Breuer et
al., 2007). This increase in DNA content has been shown to have a strong positive
correlation with cell size and it is prevalent in plant cells that undertake specialized
function or have high metabolic activity such as endosperm and embryo suspensor cells,
trichomes, root-hairs or nitrogen-fixing nodule cells (Breuer et al., 2007). Indeed, along
with vacuolation, endoreduplication represents a common mechanism by which plants
enlarge their cells (Sugimoto-Shirasu and Roberts, 2003).
During nodule primordia formation, differentiation follows the initial cell
divisions and includes endoreduplication of the subset of participating cortical cells
(Kondorosi et al., 2005). This has been shown to be essential in establishing functional
symbiosis, with enlarged nodule infected cells that host symbiotic bacteria and have
increased transcriptional and metabolic activities (Cebolla et al., 1999; Vinardell et al.,
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2003). Consistent with this, down-regulation of the anaphase-promoting complex
activator CCS52A, which is involved in the transition from mitotic to endoreduplication
cycle, drastically restricts nodule development in M. truncatula (Vinardell et al., 2003).
This is reflected by lower ploidy and decreased size of nodule cells, defects in infection
and the inability to establish and/or maintain symbiotic cells, with eventual demise of
both bacterial and plant cells (Vinardell et al., 2003). Several of these defects, including
decreased levels of 16C and 32C nuclei, smaller nodule primordia (Figure 3.3), and
defective infection were also observed in suner1, consistent with the predicted role of
SUNER1 TOP6A in mediating endocycle during differentiation of nodule cells.
Taken together, I postulate that while CCS52A mediates transit of the dividing
nodule primordia cells from mitosis to endocycle (Cebolla et al., 1999; Gonzalez-Sama et
al., 2006), the SUNER1 TOP6A, and by inference the corresponding TOP6 complex,
partakes in endoreduplication and associated ploidy-dependent nodule-cell growth in L.
japonicus.

4.4

suner1 is a weak allele
Unlike down-regulation of CCS52A, the suner1 mutation does not lead to

senescence of nodule cells. Furthermore, suner1 has no apparent pleiotropic effect, such
as extreme dwarfism, as described for several deleterious mutations in the components of
the Arabidopsis TOP6 complex, including AtSPO11-3/RHL2, RHL1, MIDGET or
AtTOP6B (Hartung et al., 2002; Sugimoto-Shirasu et al., 2002; Sugimoto-Shirasu et al.,
2005; Kirik et al., 2007).
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At the protein level, the suner1 mutation leads to a predicted substitution of
valine204 to methionine. Both valine and methionine belong to the same, nonpolar
(hydrophobic) category of amino acid, suggesting that this substitution might not have a
dramatic effect on the protein. Furthermore, this substitution is apparently located
between the two conserved domains of the protein, although this does not necessarily rule
out the functional significance of the region.
It is likely that SUNER1 TOP6A remains active in suner1, although not to the
same extent as in wild-type. This could explain why the mutant symbiotic phenotype is
weak and strictly ephemeral, and wild-type looking nodules are readily formed by
suner1.
The lack of any detectable pleiotropic effect in suner1 could be directly related to
a weak nature of the mutation. Nevertheless, this is somewhat puzzling considering a
rather fundamental role of the TOP6 complex in the endocycle and also in chromatin
reorganization during interphase and heterochromatin-dependent gene silencing (Kirik et
al., 2007). A rather ubiquitous expression of SUNER1 in different L. japonicus tissues is
also supportive of this general role. Given the obtained data, one would have to assume
that either the symbiotic differentiation is more sensitive than other plant processes to the
suner1 mutation (irrespective of the already mentioned weak nature of the suner1 allele)
or that SUNER1 TOP6A has a unique role during symbiosis. The current data are more
consistent with the latter prediction.
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4.5

A unique role of SUNER1 in L. japonicus nodules
In plants such as A. thaliana, M. truncatula or Lupinus albus many tissues and

organs contain highly endoreduplicated nuclei (Kondorosi et al., 2000; Gonzalez-Sama et
al., 2006). Surprisingly, a survey in L. japonicus showed that among various tissues
tested, only roots (up to 8C) and nodules (up to 32C) were polyploid (Gonzalez-Sama et
al., 2006). The flow-cytometry analyses performed during the course of this thesis work,
which included L. japonicus leaves, roots and nodules (see Figure 3.25), are consistent
with this observation.
If the presence of highly endoreduplicated (i.e. 16C and 32C) nuclei in L.
japonicus is uniquely or predominantly a feature of nodules, this could explain why the
mutant phenotype was confined to this particular tissue. Although TOP6 is involved in
the cell cycle and endoreduplication, other DNA topoisomerases are present that can
perform partially redundant functions. In A. thaliana, for example, DNA topoisomerase II
(TOP2) has been shown to have a partly overlapping function with TOP6 during mitosis
and endoreduplication. TOP2 is able to resolve chromosomal entanglements during
mitosis and the first two rounds of the endocycle (Sugimoto-Shirasu et al., 2005);
however, in order for a cell to reach the ploidy level beyond 8C, TOP6 appears absolutely
essential (Sugimoto-Shirasu et al., 2005). Consistent with this prediction, strong
mutations that impair various components of the TOP6 complex lead to the accumulation
of 8C nuclei, while higher ploidy is prohibited (Hartung et al., 2002; Sugimoto-Shirasu et
al., 2002; Yin et al., 2002; Sugimoto-Shirasu et al., 2005). In the context of these
observations, the finding that the presence of the suner1 mutation limits frequency of
higher ploidy nuclei in nodules is strongly indicative of the functional relevance of
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SUNNER1 TOP6A during endoreduplication of nodule cells. The characterization of
additional mutant alleles at the SUNER1 locus should be helpful in solidifying this
conclusion.

4.6

The role of SUNER1 TOP6A during symbiosis
As indicated by the suner1 phenotype, SUNER1 TOP6A likely acts downstream

from the cell divisions associated with nodule primordia formation to carry out the
endoreduplication-dependent differentiation. On the other hand, SUNER1 TOP6A is
unlikely to be involved in infection thread formation and bacterial root colonization;
rather, the impairment in SUNER1 TOP6A renders the nodule primordia cells
incompatible with the incoming infection, leading to a temporary stalemate. Due to a
presumed weak nature of the suner1 allele, the cells are able to overcome this defect,
which leads to formation of wild-type nodules.
It has been well established from previous studies that the infection threads never
penetrate into mitotically active cortical cells and can only infect cells that have
differentiated through endoreduplication (Foucher and Kondorosi, 2000). Thus, the
simplest explanation of the stalled, looping infection threads in suner1 is that the
subtending

nodule

primordium

has

not

yet

reached

the

required

differentiation/endoreduplication level and remains temporarily inaccessible to rhizobia.
The development of nodule primordia in suner1 might be simply delayed and thus not
properly synchronized with the approaching infection. I cannot entirely rule out the
possibility that the nodule primordia cells in suner1 might be taking longer to undergo
active mitosis, which would prevent infection. However, as the TOP6 function has not
been associated with the transition between cell cycle and endocycle, it is more likely that
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an appropriate high endoreduplication level is not being reached in a timely manner due
to the suner1 mutation, which temporarily blocks the infection process. Which exact
level of endoreduplication is required for the successful colonization of nodule cell
interior by symbiotic bacteria remains, however, unresolved.
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Chapter 5 : Perspectives and Long Term Goals

5.1

Perspectives
The identification of the suner1 mutation adds yet another piece to the nodule

organogenesis puzzle by defining SUNER1 TOP6 as an important player during nodule
primordia differentiation. However, there remain several outstanding issues/predictions
that need to be further explored to solidify current observations.
As mentioned above, the identification and functional analysis of additional
suner1 alleles should be informative. The most relevant issue is whether a stronger
mutant allele could be identified at the SUNER1 locus and what would be the associated
phenotype? Pursuing this objective, we have identified 10 additional suner1 mutant
alleles (Table 5.1) using the L. japonicus Targeting Induced Local Lesions in Genomes
(TILLING) resource at the John Innes Centre (UK) (Perry et al., 2003). As all of these
alleles carry single amino acid substitutions, it is difficult to predict at this moment if any
of them will be stronger (more deleterious) than the suner1 mutation. If not, I would
expect to identify one or more lines with the phenotype similar to suner1. At the very
least, this would serve to reaffirm the already performed complementation experiments.
In addition to the TILLING, the L. japonicus LORE1 transposon resource is
available (http://users-mb.au.dk/pmgrp/index.html; Fukai et al., 2012; Urbanski et al.,
2012) and efforts are being made to identify a line carrying an insertion within the
SUNER1 locus.
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Table 5.1 L. japonicus SUNER1 mutant alleles
Plant ID

Allele name

Nucleotide substitution

Amino acid substitution

sup8-1A

suner1

G610 → A

V204 → M

SL1194-1

suner1-2

C1147 → T

P279 → S

SL1562-1

suner1-3

C604 → T

S138 → F

SL1880-1

suner1-4

C562 → T

S124 → F

SL0162-1

suner1-5

C607 → T

T139 → I

SL2673-1

suner1-6

G693 → A

V168 → I

SL4329-1

suner1-7

C469 → T

T93 → I

SL4489-1

suner1-8

G489 → A

D100 → N

SL5014-1

suner1-9

C848 → T

T179 → I

SL5186-1

suner1-10

C616 → T

A142 → V

SL0783-1

suner1-11

G1060 → A

V250 → M

Subscripted numbers represent the location of the mutation in the SUNER1 gene and the
corresponding protein. The gray boxes highlight alleles with non-conservative
substitutions.
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Finally, previous studies have reported the use of a TOP2-specific poison, called
etoposide, in plants (Sugimoto-Shirasu et al., 2005). By using this poison, the role of
TOP2 in A. thaliana was defined (Sugimoto-Shirasu et al., 2005). Importantly, Gadelle et
al. (2006) reported a TOP6 specific inhibitor, an anti-HSP90 drug called radicicol, which
effectively inhibits the TOP6 enzyme. Therefore, one could ectopically apply radicicol to
determine if it has any effect on nodulation in L. japonicus.
Additional questions remain also with respect to flow cytometry experiments. The
observation that suner1 nodules are nearly depleted of 2C nuclei (Figure 3.27) is puzzling
and needs to be reconfirmed. Furthermore, the question of whether L. japonicus nodule
cells can endoreduplicate to 16C or 32C levels without bacterial infection and if they can,
how this would be affected by the suner1 mutation needs to be addressed. In order to
tackle these questions, spontaneous nodules are being generated on wild-type and suner1
roots by using A. rhizogenes carrying the spontaneous nodule formation 2 (snf2) allele
(Tirichine et al., 2007).

5.2

Long term goals
The final goal of agricultural sciences is to improve crops to meet the demands of

a rapidly growing human population. The main objective for the research presented in
this thesis has been to contribute to the understanding of the mechanisms pertinent to
successful establishment of nitrogen fixing symbiosis between legumes and rhizobial
bacteria. The identification and functional characterization of SUNER1 constitutes the
main novelty of the thesis, which brings an important insight into a mechanism governing
the differentiation of nodule infected cells. This is being considered as one more step
towards achieving the level of understanding that is required for a rational consideration
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of transferring this useful symbiotic process to cereal crops (Beatty and Good, 2011). By
exploring this and similar ideas, the use of industrial nitrogen fertilizers could be
decreased, saving the environment as well as providing economic benefit to many
countries.
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Appendices
Appendix 1: Full primer listing

Mapping Primers
963
428
2392
2393
2360_MspI
2299
2296_DdeI
2248-4
2248
696
2311_BccI
2311_MfeI
2365
2391-2
2391-1
2361

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

Primer Sequence
CTTCCTCCTCCTCGTCATCC
CTCACAACACCATGGACGAC
TGCAACCACAGATTTTAGGG
TGGACGAACATCTTGAGCAG
CCTCTCACTTGATATGCTCC
CACCACAAACATATTTAACCC
TTGTCTCTGTCTCTGCCTCC
CCTTGCCTCTGTACCAAGTG
CTAGCGCCACCATTATCCCT
CACAACCTTCCACGCAGTTC
GGTGAAAACTTGATTTCTAAGG
TACACACGAGGCGTGTTATC
GGTTATATGGTTAATTGGTTTGCTG
AGCCAATATTCATTAATTAAGCTCC
CGCATGCTGAATCTCCTGTA
AAGGCGATAGGGTCAACTCA
TCCTTATCGCATGCTGAATC
CCGCACAAACACAAACATAC
TTGACCCTAACATGGGAATC
TGGACAAATGCATGACACAC
CACCATTATCCGTCGAGCTT
GACCGAAACATCTTAACATGAG
CTTTTTCATCCTTCCAAAATCCCTT
CTTTTTGCTACTTTGATACCCAATT
ATGTGAGTGGTGGCCAAGTATG
AAACGGGTTAGCTCATGGGTT
AATATCAAGCTTGTTTTACTTTTAC
CCCTAATAGAGGGAGGAGAG
TCTCTTTGAGGAGGGTTATG
CCCTTATCAATAAGTATTTGCTC
CCTTATTAAATGTCCAATTAGAAGA
TCATTTATGGTTCCCACAAG
94

2297
2298
1077
Genotyping Primers:
har1-1 CAPS

F
R
F
R
F
R

F
R
SUNER1 Bi-PASA
P
Q
A
B
Complementation Primers:
SUNER1 Genomic
F
R
qPCR primers:
SUNER1 qPCR
F
R
RACE primers:
SUNER1 5'RACE
Outer
Inner
SUNER1 3'RACE
Outer
Inner

CACTCCGTACTCTCTGACTTG
GTACGGGTATGAGGTACGGC
TCTTCTTGGACAGTGGATTC
CAGAAACTGTAATAGTGATGCTAAG
AGTGATGCTAAGGAACACAG
CTGAAGCATTTGTCTCAAAG
CCTGAAACCGTAATCGTTCC
TCACAGAGCATCCTGTCCTTC
CGTGCAATCCAACATCGAGTC
CCACACCCATAAACCGATAAAATC
GGGGCGGGGCGCTGCGGAGAAAGGGA
GCGGGCGGGGAATCAACCTTCCTACAACCAC
GGAAGGTGATTTCTTGGCAGA
AGTTACAACTGGAAGCGCGTA
CCATGACCGAGCAGGATATTA
AGCATCCTCAGCTGATAAGACAC
GTCTTGGAGGGTTAGGGTTTTGT
CTGAGTCTGGTTTCAGCTTGTTC
GATACCTGAGCAGTGTAGGTTGC
GGGTTGAGGAATTAACTTTGATGG
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